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Abstract 
Under the strong earthquake ground motions, the adjacent buildings with small distance and the highway bridges with 
expansion joints are sensitive to the pounding damage. Contact element approach was usually used to analyze the 
structure responses with pounding effect. The impact stiffness is the key parameter of the several existing contact 
models, such as the linear viscoelastic impact model and the nonlinear viscoelastic impact model. However, the linear 
spring model cannot account for the energy loss during impact, and the Kelvin model is untenable as it results in 
tensile forces acting just before separation. Alternatively, a non-linear spring based on the Hertz contact law can be 
used to model impact, but the impact stiffness in Hertz impact model is not easy to determined, when the impact 
surfaces between two segments are plain. In this study, the model of the Hertz-damper impact model is investigated. 
Firstly, the stiffness of the impact model is analyzed considering the surface roughness based on Hertz theory. Then, 
the structural responses of a highway bridge with pounding are analyzed using the proposed method for the Hertz 
impact model to validate the accuracy of the theory. Finally, the effect of the various pounding models on the 
structural response of the colliding structures is compared. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Under the strong earthquake ground motions, the adjacent buildings with small distance and the 
highway bridges with expansion joints are sensitive to the pounding damage. The pounding damage of 
the buildings and the highway bridges has been widely reported in most severe earthquakes, such as the 
1989 Loma Prieta earthquake (Priestley et al. 1996), the 1994 Northridge earthquake (Pantelides 1998), 
and the 1995 Kobe earthquake (Vomartiin et al. 1995). Many investigations about the pounding effects on 
structures have been carried out by many researchers, such as the pounding damage caused by past 
earthquakes (Anagnostopoulos 1996; Rosenblueth and Meli 1986; Kasai and Maison 1997), the impact 
models for pounding analysis (Davis 1992; Filiatrault et al.1995; Jeng and Kasai 1996; Hao and Zhang 
1999), and the mitigation countermeasures of pounding hazards (Jankowski 1998; Penzien 1997; 
Filiatrault 1995; Chau and Wei 2000; Guo et al. 2008). 
Pounding between adjacent structures is a very complex phenomenon. Recently, the stereomechanical 
approach and the contact element approach are the main analysis methods used for the pounding analysis 
of structures. The stereomechanical approach assumes that impact is instantaneous and uses the principle 
of momentum and the coefficient of restitution to modify the velocities of the colliding bodies after 
impact (Maison and Kasai 1990). Alternately, the contact element approach is a force-based approach to 
use the spring and dashpot elements to represent the pounding force when the adjacent structure contacted. 
Among them, the linear spring model and Kelvin model are two linear models (Jankowski et al. 1998), 
and the Hertz model and Hertzdamp model are nonlinear models based on the Hertz contact law 
(Jankowski 2005).  
In this study, the model of the Hertz-damper impact model is investigated. Firstly, the stiffness of the 
impact model is analyzed considering the surface roughness based on Hertz theory. Then, the structural 
responses of a highway bridge with pounding are analyzed using the proposed method for the Hertz 
impact model to validate the accuracy of the theory. Finally, the effect of the various pounding models on 
the structural response of the colliding structures is compared. 
2. Analytical Models 
2.1. Impact Model 
During the strong earthquakes, the seismic-induced relative displacement between the adjacent 
segments exceeds the separation of the expansion joint resulting in the pounding. Generally, the colliding 
surfaces of the highway bridge are not ideally smooth because of the surface roughness. During the 
pounding analysis, it is assumed the impact can be simplified as the contact issue between a rough area 
and an actual plane surface, in which the bulge on rough surface was sphere with radius of R. Based on 
the above assumptions, the impact force generated in single bulge can be given according to the Hertz 
formula 
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in which p  is the contact force perpendicular to the surface; G  is the relative compression of the two 
bodies ; E  is the equivalent elastic modulus given by 
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in which 1E  and 2E is Young’s modulus of the materials; 1P  and 2P is the corresponding Poisson’s 
ratios. 
Majumdar and Bhushan (1991) have proposed a model for the contact between two surfaces according to 
the fractal contact theory. According to this approach, the contact stiffness for the Hertz model 
considering the surface roughness can be obtained as 
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in which k  is the contact stiffness; D  is fractal dimension; ca  is critical contact area; and la  is area of 
the maximum contact point. If the energy dissipation during the pounding was included, the Hertz model 
can be extend to the Hertzdamp model. Then, the pounding force can be expressed as 
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where F is pounding force, c  is the contact damping; 1u  and 2u are the displacement of adjacent 
structure relative to the ground; 1u  and 2u  are the corresponding velocities; pg  is the gap size. 
The damping coefficient c  related to energy dissipation can be given according to the coefficient of 
restitution 
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in which 1m  and 2m are the mass of the adjacent structure; [  is the damping ratio of the contact 
element. 
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in which e  is the coefficient of restitution. 
2.2. Governing equation of motion of structure with pounding effects 
In this study, it is assumed that the seismic excitation is only propagated along the longitudinal 
directions of the highway bridges. Then, the governing equation of motion of the structure with the 
pounding effects can be written as 
( ) ( ) ( ) ( ) ( )gt t t t x t      MX CX KX F MI  (7) 
Where M ĭġC  and K  are the mass, damping and stiffness matrices of the highway bridges, respectively; 
( )tX , ( )tX and ( )tX  are the displacement, velocity and acceleration vectors respectively; ( )tF is a 
vector of pounding forces; ( )gx t  is the acceleration of the ground motion. 
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3. Numerical Simulation 
Consider a base-isolated highway bridge with two superstructure segments. Each segment of the 
bridge is modeled as a linear independent single-degree-of freedom system with lumped mass. The two 
DOF models, as shown in Figure 1, have the same mass of 2040 ton. The effective stiffness of is 
76.81 10 N/mu  and 75.6 10 N/mu  respectively. The damping ratio of structure is assumed to be 0.03. 
According the former investigation and experiment, the stiffness of contact model is taken as  
10 3/21.42 10 N/mu , and the damping coefficient is 68.07 10 Ns/mu .
Figure 1: Analytical model of the bridge with pounding effect. 
3.1. Responses of structure with pounding 
The El-Centro earthquake record is used as the input of the ground motion. The duration and peak 
acceleration of the original earthquake records are 43s and 341.7gal. In this study, the peak accelerations 
of the earthquake records are all scaled to 620 gal. The displacement and acceleration responses of the 
bridge decks are shown in Figure 2. The time history of the pounding force is shown in Figure 3, and the 
relation between the pounding force and relative velocity is presented in Figure 4. As observed from the 
figures, the adjacent decks collide 10 times during the earthquake. 
3.2. Compare with other impact models 
The effects of the other pounding models on the structural responses of the colliding structures are 
also investigated. During the analysis, the stiffness of linear spring model is taken as 91.72 10 N/mu , and 
the stiffness and damper of Kelvin model are 91.72 10 N/mu  and 75.6 10 Ns/mu  respectively. The 
comparison of the structural responses and the pounding forces with different impact model are given in 
Table 1. It can be seen that the responses of the Hertz model is larger than the Hertzdamper model. The 
maximum displacement, velocity, acceleration and pounding forces are captured well with various 
pounding models if the parameters are reasonably chosen. 
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Figure 2: The structural responses of the highway bridge with pounding effects 
0 5 10 15 20 25 30 35 40 45 50 55
0.0
5.0x103
1.0x104
1.5x104
2.0x104
2.5x104
3.0x104
3.5x104
Po
un
di
ng
 f
or
ce
(K
N
)
Time(s)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.0
5.0x103
1.0x104
1.5x104
2.0x104
2.5x104
3.0x104
3.5x104
Po
un
di
ng
 f
or
ce
(K
N
)
Relative velocity before impact(m/s)
Figure 3: Pounding force Figure 4: Pounding force vs. relative velocity 
Table 1: Structural responses with different impact models 
Maximum pounding 
force (kN) 
Maximum 
displacement (cm) 
Maximum velocity 
(m/s) 
Maximum 
acceleration (m/s2)
Linear spring model 34555 27.4159 1.6230 22.3110 
Kelvin model 32396 27.0455 1.6054 21.1832 
Hertz model 39309 27.2926 1.6243 23.5991 
Hertz-damper model 33592 26.3036 1.5898 21.5756 
4. Conclusions 
In this study, the stiffness parameter of Hertz impact model and the structural responses of the two-
span highway bridge with pounding effects are investigate. The analysis results show that pounding 
between the adjacent segments of the highway bridge can induce huge pounding forces. The Hertzdamper 
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impact model with the reasonable stiffness can effectively simulate the pounding effect of Highway 
Bridge. 
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